Despite considerable progress, the treatment of acute leukemia continues to be a challenge for a significant majority of patients. Using a well-characterized preclinical mouse model of acute promyelocytic leukemia (APL), we evaluated here the antileukemic efficacy of RT53, an anticancer peptide with potential immunological properties. Our results indicate that RT53 possesses a direct antileukemic effect, even at a late stage. We also demonstrate that a single injection of a vaccine consisting of leukemic blasts exposed to RT53, which induces the hallmarks of immunogenic cell death, was highly effective in preventing leukemia development in both prophylactic and therapeutic settings. The vaccine comprising RT53-treated APL cells generated long-term antileukemic protection and depletion experiments indicated that CD4 + T cells were of crucial importance for vaccine efficacy. Combined, our results provide the rationale for the exploration of RT53-based therapies for the treatment of acute leukemia.
Introduction
A major strategy in anticancer efforts is to target oncogenic signaling networks that are required for tumor cell growth and survival. However, intrinsic or acquired resistance often limits the efficacy of these targeted therapies. 1, 2 In parallel to the development of molecular-targeted agents, cancer immunotherapies are changing the therapeutic landscape for cancer patients by providing a clinically beneficial alternative to conventional treatments. 3, 4 Despite the improved molecular characterization of malignancies and development of target therapies, acute leukemia is not curable and a minority of patients survive more than 10 years after diagnosis. Among leukemia subtypes, prognosis is particularly poor in adult acute myeloid leukemia (AML). 5 Therefore, new agents and novel regimens are clearly needed to improve outcomes for AML patients. We previously reported that RT53, a cell-permeable peptide derived from the survival protein AAC-11, selectively killed cancer cells in vitro and prevented tumor growth in melanoma mouse models. 6, 7 RT53 mechanism of action includes the inhibition of AAC-11 anti-apoptotic properties, through disruption of protein-protein interactions between AAC-11 and protein partners such as Acinus, as well as a nonregulated membranolysis of the cancer cells plasma membrane. [6] [7] [8] Interestingly, RT53 treatment of melanoma cells induces all the hallmarks of immunogenic cell death and B16F10 mouse cells treated by RT53 were able to mediate protective effects in a tumor vaccination model. 6, 8 In this study, we evaluated the therapeutic potential of RT53 as a treatment for acute leukemia. We found that RT53 possesses a direct antileukemic effect, both in vitro and in a preclinical acute promyelocytic leukemia (APL) mouse model. A vaccine consisting of RT53-exposed leukemic blast cells was highly effective at preventing leukemia development both prophylactically and therapeutically through the induction of CD4 + T cell-dependent longterm response. These results make RT53-based antileukemic therapies attractive for clinical development.
Material and methods

Peptides
Peptides were synthesized by Proteogenix (Strasbourg, France) and were >95% pure as verified by HPLC and mass spectrographic analysis. The peptide sequence of RT53 is the following: RQIKIWFQNRRMKWKKAKLNAEKLKDFKIRLQ YFARGLQVYIRQLRLALQGKT The penetratin sequence is underlined. 
Electron microscopy
Samples were fixed in 3% glutaraldehyde in phosphate buffer, pH 7.4 for 1 h, washed, post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer and then gradually dehydrated in 70%, 90% and 100% ethanol. After 10 min in a 1:2 mixture of epoxy propane and epoxy resin and 10 min in epon, samples were embedded in epoxy resin and polymerized at 60°C for 24 h. After polymerization, ultrathin sections of 90 nm were cut with an ultra-microtome (Reichert ultracut S), stained with uranyl acetate and Reynold's lead and observed with a transmission electron microscope (JEOL 1011). Acquisition was performed with a Gatan Orius 1000 CCD camera.
Apoptosis assays
Leukemic blasts apoptosis assessment was performed using fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit I (BD Biosciences, Waltham, MA) and propidium iodide (PI) as per the manufacturer's instructions, followed by flow cytometry analysis with a CytoFLEX Flow Cytometer (Beckman and Coulter). Viable cells were defined as annexin V/PI.
Autophagy assessment
The formation of autophagic vesicles was assessed using the Cyto-ID Autophagy Detection Kit (EnzoLife Sciences, Antwerpen, Belgium) using a 488-nm excitable fluorescent probe that selectively stains autophagic compartments, according to manufacturer's protocol. Serum starvation (1 h) was used as a positive control for autophagic flux. Flow cytometry analysis was performed with a CytoFLEX Flow Cytometer (Beckman and Coulter).
Determination of surface-exposed CRT CRT exposure was assessed by surface immunostaining and flow cytometry. In brief, APL blast cells ( 
RT53-treated APL blast vaccination assay
Two millions live cells from primary recipients' spleens or the indicated cells were washed in PBS and resuspended in 200 µl e1728871-2 of serum-free RPMI medium. The cells were then exposed to 30 µM RT53 for 3 h for cell death induction and the whole suspension of RT53-treated cells was injected subcutaneously (2 × 10 6 cells) into the left flanks of FVB/N syngeneic mice. For leukemia induction, the mice were injected i.v. with 1 × 10 4 blast cells from primary recipients' spleens at the indicated time.
T cell depletion
Mice were depleted of either CD4+, CD8+ or both T cell populations by bi-weekly i.p. injection of 0.2 mg of ascites fluids containing an anti-CD4 or -CD8 antibody starting 2 weeks before experiments. Injections were then performed 2 times per week during the study period. Blood was collected by submandibular bleeding. PBMC were labeled with a mix of anti-CD3Ɛ-APC (MACS), anti-CD4-PE (MACS) and anti-CD8-APC-cy7 (BD Biosciences) (2.5 µl, 30 min, 4°C). Red blood cells were then lysed in ACK buffer for 7 min at RT. The efficacy of depletion was monitored using Canto II (BD Biosciences) cytometer and data analyzed with FlowJo software.
Results and discussion
RT53 possess direct antileukemic properties
To test the antileukemic properties of RT53, we first exposed human all-trans retinoic acid ATRA-sensitive (NB4) and ATRA-resistant (UF-1) acute promyelocytic leukemia (APL) cells as well as mouse APL spleen blast cells derived from hMRP8-PML-RARA transgenic mice 9 to increasing concentrations of RT53. As shown in Figure 1 (a), RT53 decreased viability of all the tested cells through the rapid loss of plasma membrane integrity, as detected by the release of the intracellular enzyme lactate dehydrogenase (LDH). Importantly, no cell death was detected in spleen cells from healthy mice even at the highest concentration tested, indicating that RT53 exhibits selective cytotoxicity toward leukemic cells, but not normal cells. The observed LDH release upon RT53 treatment indicates that leukemic cells death is associated with loss of outer cell membrane integrity and cytoplasmic leakage, which are characteristic features of necrosis. In line with this hypothesis, ultrastructural analysis of APL spleen cells exposed to RT53 revealed an obvious necrotic morphology of the leukemic blasts, with loss of plasma membrane integrity and cytoplasmic swelling without morphological signs of nuclear apoptosis (Figure 1(b) ). No changes in cellular integrity or ruptured cells could be detected in the normal spleen cells, confirming that RT53 exhibits high specificity toward leukemic cells (Figure 1(b) ). To further define the RT53 mechanism of action and response kinetics, we assessed cell death induced by the peptide using annexin V and propidium iodide (PI) staining over time of treatment. This double labeling allows to distinguish early apoptotic (annexin V positive and PI negative) and late apoptotic/necrotic (both annexin V and PI positive) cells. As shown in Figure 1 (c), RT53 exposure of APL spleen cells induced concomitant annexin V and PI positivity, even at early points in the treatment. These data, together with the electron microscopy analysis, indicate that RT53 does not induce the characteristic morphological and biochemical features of apoptosis, but rather mediates a necrotic form of cell death. In line with this hypothesis, inhibition of caspases activity with the pan-caspase inhibitor zVAD-fmk, while efficiently interfering with cell death induced by staurosporine, failed to prevent cell killing mediated by RT53 ( Figure 1(d) ), confirming that RT53 cytotoxic effects do not involve apoptosis. We next investigated whether RT53 could trigger necroptosis, an alternative, caspase-independent form of cell death that is regulated by receptor-interacting protein kinases (RIPK) 1 and 3. 10 As shown in Figure 1 (e), the RIPK1 inhibitor necrostatin-1 was unable to interfere with RT53-mediated APL cells death, although it had a marked cytoprotective effect on TNF-α-induced necroptosis (Figure 1 (e)). However, IM-54, a potent and selective inhibitor of unregulated necrosis induced by oxidative stress, 11 efficiently prevented cell death induced by RT53 (Figure 1(f) ), indicating that RT53 treatment triggers necrosis of the leukemic cells through the induction of oxidative stress. Of note, RT53 treatment did not promote autophagy, as peptide exposure failed to upregulate formation of autophagic compartments (Figure 1(g) ), and, consistently, the autophagy inhibitor 3-Methyladenine had no effect on RT53 cytotoxicity toward APL cells (Figure 1(h) ). Altogether, these results indicate that RT53 kills the APL blasts via a rapid, unregulated necrosis mechanism induced by oxidative stress, without relying on the major regulated cell death pathways.
To explore the in vivo therapeutic potential of RT53 as a treatment of acute leukemia, we used a well-characterized preclinical APL model bearing the human PML-RARA oncogene which mimics human APL, both in its characteristics and its response to conventional therapeutic drugs such as ATRA and arsenic trioxide. 9, 12 In this model, 100% of the syngeneic mice (FVB/N) transplanted with 10 4 primary recipients' spleen blasts developed an APL and succumbed within 30 days ( Figure  1(i) ). APL mice treated with RT53 (2.4 mg/kg) for 7 days starting on day 10 after leukemia engraftment had a significantly extended survival compared to control mice (P < .0001). The survival of APL mice treated with RT53 was significantly (P < .0001) superior to that of mice treated by ATRA ( Figure  1(i) ). Similar survival advantage was obtained when RT53 was administered every other day for a total of seven administrations (D10 Q2D schedule, Figure 1(j) ). RT53 treatment starting on day 20 after leukemia engraftment, when leukemia is fully established 13 as shown by standardized minimal residual disease (MRD) monitoring (high level of PML-RARα transcripts in PBL, bone marrow and spleen), also prolonged the survival of leukemic mice (D20 schedule, Figure 1(j) ). To our knowledge, no therapeutic approach has demonstrated such a pronounced effect on the survival of mice with comparable advanced disease stage in this preclinical model. No organ toxicity (macroscopic or microscopic) was noted with either treatment schedule (data not shown). Therefore, these results indicate that RT53 possesses robust antileukemic activity both in vitro and in vivo.
A vaccine comprising RT53-treated APL cells induces long-term survival
Anticancer chemotherapies are particularly effective when they induce immunogenic cell death (ICD), thus eliciting an Figure 1 . RT53 treatment increases APL mice survival. (a) The indicated cells were left untreated or exposed to increasing concentrations of RT53 for 20 h. Cell death induced by peptide treatment was measured by lactate dehydrogenase (LDH) release. Data are means ± s.e.m. (n = 3). (b) Ultrastructural analysis of RT53-treated spleen cells. Spleen cells from healthy or APL mice were left either untreated or exposed to 10 µM of RT53 for 1 h. Cells were then analyzed by transmission electron microscopy following osmium tetroxide staining. (c) APL spleen cells were exposed to 5 µM RT53 for the indicated periods of time and phosphatidylserine exposure e1728871-4 antitumor immune response. 14 We, therefore, investigated whether RT53 treatment of APL spleen cells would be able to induce the key known biomarkers of ICD, which include the endoplasmic reticulum (ER) chaperone calreticulin (CRT) surface exposure and the release of the chromatin protein high mobility group box1 protein (HMGB1) as well as ATP. 15 As showed in Figure 2 (a), RT53 treatment triggered the release of both HMGB1 and ATP in the culture medium, detected by ELISA and ATP-bioluminescence assays, respectively, as well as surface exposure of CRT, detectable by FACS analysis, indicating that RT53 can induce all tested characteristics of ICD. Similar data were obtained with the human APL cells NB4 (not shown). To further investigate the capacity of RT53 to induce an antileukemic response, we took advantage of the APL preclinical model, which is based on immunocompetent FVB/N mice, to develop a prophylactic tumor vaccination model (Figure 2(b) ). Interestingly, 7 out of 8 mice vaccinated subcutaneously with RT53-exposed APL spleen blast cells did not develop the disease after APL engraftment (Figure 2(b) ), indicating the prophylactic effect of RT53-exposed APL cells. Eight months after APL engraftment, surviving animals were found disease-free by MRD monitoring. These data indicate that a simple vaccine constituted by RT53-treated APL cells triggered a very effective prophylaxis, protecting against the development of leukemia.
The prophylactic effect generated by the RT53-treated APL cells vaccine is tumor type-specific and long-lasting
To demonstrate the specificity of RT53-exposed APL cells prophylactic effect, mice were vaccinated subcutaneously with various human (NB4, HUT78) or mouse (B16F10) cancerous cells treated with RT53. As shown in Figure 3(a) , none of the tumor cells generated protection against leukemia (annexin V labeling) and cell membrane permeabilization (propidium iodide (PI) labeling) were analyzed by flow cytometry. The percentages of viable cells (annexin V − /PI − ), early apoptotic cells (annexin V + /PI − ) and late apoptotic/necrotic cells (annexin V + /PI + ) are represented (average of two independent experiments). (d) APL spleen cells were exposed to 5 µM of RT53 in the presence or absence of 50 μM zVAD-fmk for 3 h. Cell death was measured by flow cytometry as in (c). Staurosporine (5 µM) was used as a control. Average of two independent experiments. (e) APL spleen cells were exposed to 5 µM of RT53 in the presence or absence of 50 μM Necrostatin-1 (Nec-1) for 3 h and cell membrane permeabilization (PI labeling) was analyzed by flow cytometry. [TNF-α (30 ng/ml) + zVAD-fmk (40 μM) + 10 µg/mL cycloheximide (CHX)] treatment was used as a control. (f) APL spleen cells were exposed to 5 µM of RT53 in the presence or absence of 10 μM of IM-54 for 3 h. Cell death was measured as in (e). H2O2 (100 µM) treatment was used as a control. Average of two independent experiments. (g) APL spleen cells were exposed to 5 µM RT53 for 1 h in the presence or absence of 10 µM 3-Methyladenine (3-MA) and autophagic activity was determined by flow cytometry analysis using the Cyto-ID autophagy detection reagent. Serum starvation (1 h) was used as a control. Data are expressed as the mean fluorescence intensity of Cyto-ID (average of two independent experiments). (h) APL spleen cells were exposed to 5 µM of RT53 for 1 h in the presence or absence of 10 µM 3-Methyladenine (3-MA). Cell death was measured as in (e). Average of two independent experiments. (i) 10 4 APL blasts were inoculated intravenously (i.v.) into FVB/N mice at day 0. Mice were then either left untreated (n = 6), treated with ATRA (5 mg, subcutaneous implantation of 21-day release pellets, n = 6) at day 6 or injected intraperitoneally (i.p.) with RT53 (2.4 mg/kg in normal saline) at day 10 every day for a total of seven doses (n = 6). Survival curves were analyzed with the Mantel-Cox test. (j) APL mice obtained as in (i) were either left untreated (n = 6), injected i.p. with RT53 (2.4 mg/kg in normal saline) at day 10 every other day for a total of seven doses (D10 Q2D schedule, n = 6) or at day 20 every day for a total of seven doses (D20 schedule, n = 4). Survival curves were analyzed with the Mantel-Cox test. development, indicating that the protection induced by RT53treated APL cells is tumor specific. Moreover, the absence of protection observed following vaccination with RT53-treated NB4 cells suggests that immune clearance of leukemic cells in RT53-exposed APL cells vaccinated animals does not rely on the recognition of the unique PML-RARα fusion protein, which is also expressed in NB4 cells. Finally, vaccination with RT53-treated spleen cells from healthy FVB/N mice generated no protection (Figure 3(a) ), indicating that the prophylactic effect against APL was exclusively triggered by the RT53-treated leukemic APL cells.
We next determined whether surviving mice developed long-lasting antileukemic protection. At 107 or 226 days after initial leukemia engraftment, survivors from Figure 2 (b) or control mice were challenged with 10 4 live APL spleen blast cells, in the absence of any further therapy. Strikingly, all vaccinated animals that received vaccination were protected from APL cells challenge, whereas all control mice succumbed to leukemia within 40 days (Figure 3 (b)). These results indicate that single vaccination with RT53-exposed APL cells induces eradication of a rapidly fatal tumor burden and evokes effective, long-lasting prophylaxis capable of preventing leukemia. Moreover, when we inoculated 10 7 spleen cells originating from long-term survivors vaccinated with RT53-treated APL blasts into secondary recipients, none of the injected mice developed APL (followed up >200 days; not shown), suggesting that this vaccine leads to eradication of APL-initiating cells. Injection of 10 4 spleen cells from unvaccinated APL mice was sufficient to establish APL and all recipients died (not shown).
CD4 + T cells are critical for the induction of prolonged survival induced by the RT53-treated APL cells vaccine
To determine the cells involved in the prophylactic effect of RT53-treated APL cells vaccination, mice were depleted of CD4 + T, CD8 + T or both T cell populations using cell typespecific antibodies. Depletion of CD4 + T cells notably reduced vaccine-induced protection, whereas depletion of CD8 + T cells had no effect on vaccine efficacy (Figure 4 ), demonstrating the essential role of CD4 + T cells in the induction of effective antileukemic immunity. As CD4 + T cells are crucial in the establishment of immune memory, 16 our results might explain the protective effect observed in Figure 3(b) . However, complete loss of protection was observed in mice that were depleted of both T-cell populations (Figure 4) , indicating that the antileukemic response generated by RT53-treated APL cells vaccination required the presence of both CD4 + and CD8 + T cells. Although the precise mechanisms involved in vaccination-induced protection remain to be defined, the observation that leukemia development is effectively contained in mice depleted for CD8 + T cells is suggestive of the induction of innate immune cells, such as macrophages and natural killer cells, which can be activated by CD4 + T cells. 17 A cytotoxic activity of CD4 + T cells toward the leukemic cells is also possible, as witnessed in different experimental tumor settings. [18] [19] [20] Of note, depletion of either CD4 + , CD8 + or both T cell populations in long-term survivors from Figure 2 (b) did not result in APL ( Supplementary Figure 1) , indicating that CD4+ and/or CD8 + T cells were not necessary for the maintenance of the antileukemic effects of RT53-treated APL cells vaccination and suggesting strongly that this vaccination leads to a cure of the mice. 
The RT53-treated APL cells vaccine is effective in mice with well-established leukemia
Having shown that RT53-treated APL cells vaccination can elicit an efficient prophylactic antileukemic effect, we next tested the therapeutic benefit of the vaccine in mice with wellestablished leukemia. For that purpose, mice received the RT53-treated APL cells 3 (rising disease) or 10 (wellestablished disease) 13 days after APL cell engraftment and the onset of the disease was compared to that of nonvaccinated controls. Very interestingly, 100% of the vaccinated mice were protected from leukemia development and remained disease-free through 80 days of observation, irrespective of the immunization schedule ( Figure 5, lower panel) . These data indicate that the therapeutic administration of the RT53-treated APL cells vaccine resulted in the eradication of leukemic cells in all the tested mice, even when vaccination was delayed until 10 days after tumor inoculation, indicating the effectiveness of this approach.
Concluding remarks
Acute leukemia such as AML is known to generate an immunosuppressive environment that circumvent immunosurveillance mechanisms. [21] [22] [23] [24] [25] [26] [27] Therefore, immunotherapy has great potential as a more effective and less toxic alternative to current treatments for leukemia patients. We report here a simple, highly efficient and practical strategy for immunotherapy of leukemia. By using a well-established, aggressive APL model, we showed that single vaccination with a vaccine comprising whole leukemic cells exposed to RT53, shown here to induce immunogenic cell death, protected against the development of leukemia in vivo both prophylactically and therapeutically. Cure of the tumor was observed and the vaccinated animals were protected against subsequent leukemia challenge in the absence of any further boosts, through the generation of long-lasting, protective tumorspecific responses involving CD4 + T cells. Such vaccinebased approach is practical, as it does not require the knowledge of specific tumor antigens, is not limited by the HLA phenotype and is safe because the antitumor effect is obtained without the use of potentially toxic immunostimulatory adjuvants in the vaccine. Because leukemic blasts can be easily obtained from the blood or bone marrow of patients at diagnosis, yielding sufficient material for clinical use, RT53treated leukemic cells vaccines may be a workable and effective strategy for immunotherapy of leukemia. Further, we demonstrated the single-agent efficacy of RT53 for the treatment of established leukemia, even at late stages, suggesting that RT53 might constitute a therapeutic option for patients who experienced multiple relapses because of resistance to approved therapies. Along with the absence of toxicity, these preclinical efficacy evidences support further development and clinical testing of RT53-based therapies in the context of acute leukemia and maybe other hematological malignancies.
